Background and objectives Emerging evidence from recently published observational studies and an individual patient data meta-analysis shows that mammalian target of rapamycin inhibitor use in kidney transplantation is associated with increased mortality. Therefore, all-cause mortality and allograft loss were compared between use and nonuse of mammalian target of rapamycin inhibitors in patients from Australia and New Zealand, where mammalian target of rapamycin inhibitor use has been greater because of heightened skin cancer risk.
Introduction
Mammalian target of rapamycin (mTOR) inhibitors sirolimus and everolimus are commonly prescribed maintenance immunosuppressive agents in kidney transplantation. Randomized trials with short-term follow-up have shown that de novo or delayed introduction of mTOR inhibitors with and without calcineurin inhibitors is associated with increased risks of rejection, hyperlipidemia, proteinuria, and delayed wound healing. Compared with calcineurin inhibitors, mTOR inhibitors have been shown to achieve superior allograft function up to 5 years after transplantation and are associated with reduced risks of cytomegalovirus and BK virus infections (1) (2) (3) (4) (5) . mTOR inhibitors have been shown to reduce the risk of nonmelanoma skin cancers (NMSCs) and nonskin cancer malignancies after kidney transplantation (1, 6, 7) . A Scientific Registry of Renal Transplant Recipients (SRTR) study reported significantly higher risks of death and graft loss with sirolimus versus tacrolimus use (8) . Subsequently, a Hungarian study reported a higher mortality risk with mTOR inhibitor use (9) . A United Network for Organ Sharing (UNOS) study also reported higher risks of death and graft loss with mTOR inhibitor versus calcineurin inhibitor use (10) . More recently, an individual patient data meta-analysis using data from 21 randomized trials showed that sirolimus was associated with a 43% higher risk of all-cause death compared with in controls (7) .
Because of heightened skin cancer risk, the use of mTOR inhibitors is greater in Australia than in the United States (11, 12) . Therefore, the aim of this study was to compare all-cause patient mortality and all-cause and death-censored allograft loss in kidney transplant recipients treated with or without mTOR inhibitors using data from the Australia and New Zealand Dialysis and Transplant (ANZDATA) Registry.
Materials and Methods

Study Population
The study included a total of 9353 adult patients with ESRD who underwent 9558 living and deceased donor kidney transplants in Australia and New Zealand between January 1, 1996 and December 31, 2012 whose allograft survived at least 1 year. Patients were excluded if they were younger than 18 years old at transplantation, were multiorgan transplant recipients, or had received their first kidney transplant before January 1, 1996.
Data Collection
The ANZDATA Registry collects data in accordance with the Australian Commonwealth Privacy Act and associated state legislation governing health data collection, and individual opt-in patient consent is not required for the registry data. This analysis was performed on an anonymized extract released by the registry to researchers. The clinical and research activities being reported are consistent with the Principles of the Declaration of Istanbul as outlined in the Declaration of Istanbul on Organ Trafficking and Transplant Tourism. The methods of data collection and validation are described in detail on the ANZDATA Registry website (http://www.anzdata.org.au). The data collected include demographic details; comorbidities; history of pretransplant cancer; donor-and transplant-related characteristics; the number, type, and treatment of rejection episodes; nonskin tumors; melanomas; and skin tumors. The information about immunosuppressive medications and serum creatinine is collected at 1, 2, 3, and 6 months; 1, 2, 3, 5, 7, and 10 years after transplant surgery; and every 5 years thereafter. Exact start and end dates of immunosuppressive medications and blood drug concentrations are not collected. Information on how the causes of death and graft loss are categorized by the ANZ-DATA Registry is described in Supplemental Table 1 .
Study Outcomes
The primary study outcomes were all-cause mortality and all-cause allograft loss. Secondary study outcomes were death with functioning graft, death after graft loss, death-censored allograft loss, cause-specific mortality, and cause-specific allograft loss. All analyses, except death with functioning graft and death after graft loss, included first as well as repeat kidney transplants.
Statistical Analyses
For the purpose of describing the baseline characteristics, the study population was divided into four groups: (1) never treated with mTOR inhibitor (never used group), (2) treated with mTOR inhibitor-based immunosuppressive therapy at baseline (baseline mTOR inhibitor group), (3) commenced mTOR inhibitor within 1 year of transplant surgery (early conversion group), and (4) commenced mTOR inhibitor .1 year after transplant surgery (late conversion group). Use of the commercially available mTOR inhibitors sirolimus and everolimus was included, but they were not analyzed separately because of small numbers. Results for baseline characteristics and clinical outcomes are expressed as frequencies and percentages for categorical variables, means6SD for continuous variables, and medians and interquartile ranges for nonparametric data. Distributions of categorical variables across the four groups were compared by chi-squared test, distributions of continuous variables across the four groups were compared by one-way ANOVA if data were normally distributed, and distributions of continuous variables across the four groups were compared by Kruskal-Wallis test if data were not normally distributed.
Multivariable Cox regression models were used to evaluate risk factors of mortality and allograft loss. Because mTOR inhibitor use varied substantially during the followup period, mTOR inhibitor was included in the models as a time-varying covariate to account for post-transplant changes in immunosuppressive regimens. Because the precise dates for start and end of immunosuppressive medications were not collected and the data on medication use were collected less frequently at 3 years after transplant surgery, medication use was carried forward by a prespecified time for the analysis of mTOR inhibitor as a timevarying covariate. These time periods were as follows: carry forward by 1 year for 1-3 post-transplant years, 2 years for 3-5 post-transplant years, 3 years for 5-10 post-transplant years, and 5 years beyond the 10th year post-transplant. Because the ANZDATA Registry does not collect information on immunosuppressive medications after graft loss, the last recorded observation was carried forward for all entries after graft loss. Other covariates in the multivariable regression models were age, sex, ethnicity, cause of ESRD, cardiovascular disease, diabetes mellitus, smoking, pretransplant cancer, body mass index, donor source, peak panel reactive antibody, total HLA mismatches, induction therapy, transplant era, and delayed graft function. Standard errors were calculated using robust variance estimation for the correlated data clustered according to the transplanting hospital. Survival time was calculated from the date of transplant surgery to the date of death or December 31, 2013. To accommodate repeat kidney transplants, data were analyzed using a variancecorrection conditional risk set model for ordered allograft loss events, with time for subsequent transplant events reset using the gap time method (Supplemental Figure  1 ). All models were stratified on allograft number (first, second, or third) (13) . Additional patient and allograft survival analyses evaluated mTOR inhibitor use at the fixed time points of baseline and 1 year after the transplant surgery. These analyses were restricted to the first allograft only. For the analysis of risk factors for cause-specific mortality and cause-specific allograft loss, only those outcomes with the total number of events exceeding 100 were analyzed. Subgroup analyses were performed according to the history of pretransplant cancer. The heterogeneity of associations between mortality, allograft loss, and mTOR inhibitor use was assessed by testing the interaction between mTOR inhibitor use and pretransplant cancer status. Statistical analyses were performed using Stata/MP 14 (StataCorp, College Station, TX).
Results
Baseline Characteristics
The baseline characteristics of 9353 patients and 9558 transplant operations are described in Tables 1 and 2 , Figure 1 . | Timing of initiation of mammalian target of rapamycin inhibitor after transplant surgery (months). (18) 103 (23) 66 (13) 178 (32) 1753 (19) ,0.001
At least one SCC 787 (10) 50 (11) 33 (7) 93 (17) 963 (10) ,0.001
At least one BCC 603 (8) 53 (12) 33 (7) 91 (16) 780 (8) ,0.001
At least one nonskin cancer 688 (9) 34 (8) 33 (7) 55 (10) 810 (9) 0.20
Cause of death ,0.001
All cause 1159 (15) 111 (23) 67 (13) 79 (14) 1416 (15) Malignancy 330 (28) 42 (38) 16 (24) 25 (32) 413 (29) Cardiac 326 (28) 31 (28) 15 (22) 18 (23) 390 (28) Vascular 88 (8) 4 (4) 6 (9) 7 (9) 105 (7) Infection 182 (16) 14 (13) 15 (22) 14 (18) 225 (16) Social 104 (9) 10 (9) 3 (4) 7 (9) 124 (9) Miscellaneous 129 (11) 10 (9) 12 (18) 8 (10) 159 (11) Cause of allograft loss
0.30
All cause 1851 (23) 172 (36) 103 (20) 142 (25) 2268 ( (6) 11 (6) 2 (2) 4 (3) 125 (6) Drug withdrawal a 95 (5) 6 (3) 4 (3) 2 (1) 107 (5) Miscellaneous 55 (3) 7 (4) 2 (2) 3 (2) 67 ( respectively. Of the 9558 allografts, mTOR inhibitor use occurred in 1560 (16%) allografts. The timing of initiation of mTOR inhibitor is described in Figure 1 . Compared with patients in the never used group (Table  1) , those in each of the three mTOR inhibitor use groups were more likely to be white and have a history of prior cancer and less likely to have cardiovascular disease and diabetes mellitus. Patients in the baseline mTOR inhibitor and late conversion groups were also younger than those in the never used group. There was significant variation in mTOR inhibitor use across Australian states, and mTOR inhibitor use was less frequent in New Zealand than in Australia ( Table 2 ); 57% of transplants from the baseline mTOR inhibitor group were performed between 1996 and 2001. Patients in the baseline mTOR inhibitor group received calcineurin inhibitors, antimetabolites, and induction therapy less frequently than those in the other groups. However, there were no significant differences between the four groups with respect to donor source (live or decreased), peak panel reactive antibody, HLA mismatch, and total ischemia time.
Clinical Outcomes
Median follow-up was 7 years (range =1-18 years; interquartile range, 3.8-11.3 years). Compared with the never used group, more patients in the baseline mTOR inhibitor and late conversion groups had at least one post-transplant primary NMSC (Table 3 ). The frequencies of post-transplant primary nonskin cancers were similar across the four groups.
Primary Study Outcomes
All-Cause Mortality. In total, 1416 (15%) patients (Table  3) (Figure 2) . The risk estimates for other variables from the multivariable Cox regression model are presented in Table 4 . The mortality risks were significantly higher in the fixed time model analyses comparing mTOR inhibitor use at baseline (HR, 1.54; 95% CI, 1.22 to 1.93) and 1 year (HR, 1.63; 95% CI, 1.32 to 2.01).
Subgroup analyses according to the history of pretransplant cancer are described in Figure 3A . The interactions between pretransplant cancer status and time-varying and 1-year mTOR inhibitor use were not significant. The interaction between pretransplant cancer status and baseline mTOR inhibitor use was statistically significant (interaction P,0.01). mTOR inhibitor use at baseline was associated with a higher risk of mortality (HR, 2.06; 95% CI, 1.61 to 2.64) in patients with pretransplant cancer but was not associated with a higher risk of mortality in those without pretransplant cancer (HR, 0.99; 95% CI, 0.70 to 1.42).
All-Cause Allograft Loss. In total, 2268 (24%) allografts were lost at a rate of 3.3 (95% CI, 3.2 to 3.4) per 100 personyears (Table 3) . Using multivariable Cox regression analysis with mTOR inhibitor use included as a time-varying covariate, there was no significant difference in the risk of all-cause allograft loss between the mTOR inhibitor use and nonuse groups (HR, 0.98; 95% CI, 0.85 to 1.12) ( Figure  4) . The risk estimates for other variables from the multivariable Cox regression models are presented in Table 4 . There were no significant differences in the risks of allograft loss between the mTOR inhibitor use and nonuse Figure 2 . | The association between mammalian target of rapamycin inhibitor (mTORi) use and all-cause and cause-specific death in kidney transplant recipients. Analyses using mTORi use at baseline and 1 year are restricted to the first allograft. 95% CI, 95% confidence interval; HR, hazard ratio; LOCF, last observation carried forward; TVC, time-varying covariate.
groups in the analyses comparing mTOR inhibitor use at baseline (HR, 1.05; 95% CI, 0.90 to 1.23) and 1 year (HR, 1.04; 95% CI, 0.89 to 1.22).
Subgroup analyses comparing time-varying mTOR inhibitor use are depicted in Figure 3B . The interactions between pretransplant cancer status and time-varying and 1-year mTOR inhibitor use were not statistically significant. However, the interaction between pretransplant cancer status and baseline inhibitor use was significant (interaction P value =0.03). mTOR inhibitor use at baseline was associated with a higher risk of allograft loss (HR, 1.33; 95% CI, 1.07 to 1.66) in patients with pretransplant cancer but was not associated with a higher risk of allograft loss (HR, 0.86; 95% CI, 0.68 to 1.08) in those without pretransplant cancer.
Secondary Study Outcomes
Death with Functioning Graft. In the analysis involving only first grafts, there was a higher risk of death with functioning graft (Figure 2 ) with time-varying mTOR inhibitor use (HR, 1.49; 95% CI, 1.18 to 1.89) as well as in the fixed time model analyses comparing mTOR inhibitor use at baseline (HR, 1.51; 95% CI, 1.17 to 1.96) and 1 year (HR, 1.70; 95% CI, 1.39 to 2.07). The results of the subgroup analysis according to pretransplant cancer history (Supplemental Figure 3) were similar to those for allcause mortality.
Death after Graft Loss. In the analysis involving only first grafts, mTOR inhibitor use analyzed as last observation carried forward was associated with a lower risk of death after graft loss (Figure 2 ). This difference was because of the lower death rate in the mTOR inhibitor use group than in the comparator group (those not receiving mTOR inhibitor at last observation) 1 year after graft loss (Supplemental Table 2 ). Death-Censored Graft Loss. There were no significant differences in the risks of death-censored allograft loss between mTOR inhibitor use and nonuse in the analyses with mTOR inhibitor use as a time-varying covariate (HR, 0.85; 95% CI, 0.69 to 1.03), at baseline (HR, 1.01; 95% CI, 0.81 to 1.26), and at 1 year (HR, 0.86; 95% CI, 0.69 to 1.08).
Cause-Specific Mortality. Death caused by malignancy (413 deaths; 29%) and cardiac causes (390 deaths; 28%) were the leading causes of death, accounting for 57% of all deaths (Table 3) . Time-varying mTOR inhibitor use was associated with higher risks of mortality caused by malignancy (HR, 1.37; 95% CI, 1.09 to 1.71) and infectious causes (HR, 1.55; 95% CI, 1.01 to 2.38) (Figure 2) .
Cause-Specific Allograft Loss. Death with a functioning graft was the most common cause of allograft loss (1055 losses; 47%) followed by rejection (878 losses; 39%) ( Table  3 ). There were no significant differences in specific causes of allograft loss between the mTOR inhibitor use and nonuse groups (Figure 4) .
Discussion
This large registry study found that mTOR inhibitor use was associated with a higher risk of all-cause mortality among adult kidney transplant recipients from Australia and New Zealand. mTOR inhibitor use was not significantly associated with the risk of all-cause allograft loss.
This study confirms the findings of higher mortality risk with mTOR inhibitors from three observational studies and an individual patient data meta-analysis (7) (8) (9) (10) . This study differed from these previous studies in ethnicity, history of pretransplant cancer, and measured exposure of mTOR inhibitor. Nearly one quarter of patients from the SRTR (8) and the UNOS (10) studies were black, whereas the Hungarian study (9) and this study predominantly included white patients. The prevalence of pretransplant cancer was ,4% in the UNOS database study, whereas it was 31% in this study. Other studies did not specifically report data on pretransplant cancers. In this study, although data on the type of pretransplant cancer were not available, it is plausible that most patients with a pretransplant cancer history had skin cancer before their transplantation considering the high skin cancer incidence in Australians (14) ; 19% of patients developed at least one post-transplant NMSC. Thus, this study included patients who were likely to be at an extremely high risk of skin cancers (6, 15) . Previous studies used mTOR inhibitor exposure at a fixed time (at baseline or study enrolment), and despite high medication discontinuation rates, time-varying changes in the immunosuppressive regimens were not evaluated in survival analyses. Despite these differences in the study population and methodology, this study also found a significant association between mTOR inhibitor use and mortality. In contrast to this study and other studies, an aggregate data meta-analysis (4) and several randomized trials reported no significant association between mTOR inhibitor use and mortality (6, (16) (17) (18) (19) . The durations of follow-up in all of these trials were ,2 years, with only one trial reporting clinical outcomes at 3 years (16). This disparity in the risk of patient mortality could be because of small sample size and shorter duration of follow-up.
This study also found that the risk of mortality caused by malignancy was higher with mTOR inhibitor use. It is possible that the result reflects indication bias given that the indication for mTOR inhibitor use (either as primary immunosuppression or after conversion) is not collected by the ANZDATA Registry. For example, the frequency of post-transplant NMSC was higher in the baseline mTOR inhibitor and late conversion groups than in the never used and early conversion groups. Thus, patients with a propensity for skin cancer formation, either in the pre-or post-transplant period, may have been preferentially selected for mTOR inhibitor therapy by clinicians in light of previous randomized trials (6, 7, 20) . The causespecific analyses should be interpreted with caution because of inadequate statistical power. There was no evidence that the associations between time-varying mTOR inhibitor use and the outcomes of mortality and allograft loss differed according to pretransplant cancer status. However, the associations between baseline mTOR inhibitor use, mortality, and allograft loss were modified by pretransplant cancer status. Given that 38% of patients in the baseline mTOR inhibitor group had a pretransplant cancer history, this finding could be because of indication bias rather than true heterogeneity of treatment associations with the outcomes in this subgroup. Alternatively, mTOR inhibitors may have been used in recipients who were at increased risk of graft loss because of interstitial fibrosis or calcineurin inhibitor toxicity. Nevertheless, these subgroup analyses need to be interpreted with caution, because they were potentially underpowered (21) .
This study found that the risk of all-cause allograft loss was comparable between the mTOR inhibitor use and nonuse groups. Previous studies have reported conflicting findings regarding the risk of allograft loss associated with mTOR inhibitor use, with some studies showing greater allograft loss rates (8, 10, 17, 20) and others showing comparable allograft loss rates (4, 6, 9, 18, 19) . The population (ethnicity and diabetes mellitus), followup duration, and design (observational study or randomized trial) of this study were different from those of previous studies (8, 10, 16, 17) . These differences may partially explain disparity in findings for all-cause allograft loss between studies.
The strengths of this study are the large cohort size, inclusion of contemporary transplant recipients, long-term follow-up, adjustment for transplant era, and the robustness of the statistical methods. Nevertheless, the study has a number of limitations. The ANZDATA Registry does not collect data on the precise dates of initiation and termination of immunosuppressive medications. Although medication data were carried forward by reasonable durations at different post-transplant periods, this method may have resulted in incorrect classification. Different mTOR inhibitor types, doses, and cumulative exposures and different combinations of immunosuppressive medications were not compared. Adjustments were able to be made for reported pre-and posttransplant comorbidities, immunologic risk actors, and post-transplant allograft outcomes. However, there remains the issue of residual confounding resulting from indication bias (such as preferential prescription of mTOR inhibitors because of a history of skin cancer or calcineurin inhibitor side effects) and physician or center preference.
In conclusion, this registry study found that mTOR inhibitor use in kidney transplant recipients was associated with a higher risk of all-cause mortality. The risk of all-cause graft loss was not altered with mTOR inhibitor use.
